Sphingomonas spermidinifaciens sp. nov., a novel bacterium containing spermidine as the major polyamine, isolated from an abandoned lead-zinc mine and emended descriptions of the genus Sphingomonas and the species Sphingomonas yantingensis and Sphingomonas japonica respectively. It contained Q-10 as the predominant respiratory quinone and the major cellular fatty acids were C 18 : 1 !7c, C 16 : 0 , C 17 : 1 !6c and summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c). The genomic DNA G+C content of strain 9NM-10 T was 68.7±0.2 mol%. The polar lipids were sphingoglycolipid, phosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine, diphosphatidylglycerol, an unidentified phospholipid and three unidentified lipids. Strain 9NM-10 T contained spermidine as the major polyamine. On the basis of phenotypic, phylogenetic and chemotaxonomic analyses, strain 9NM-10 T is considered to represent a novel species of the genus Sphingomonas, for which the name Sphingomonas spermidinifaciens sp. nov. is proposed. The type strain is 9NM-10 T (=GDMCC 1.657 T =DSM 27571 T ). Descriptions of the genus of Sphingomonas and the species Sphingomonas yantingensis and Sphingomonas japonica were also emended in this study.
The genus Sphingomonas was first proposed by Yabuuchi et al. [1] and belongs to the family Sphingomonadaceae in the class Alphaproteobacteria. It was subsequently divided into the four genera, Sphingomonas sensu stricto (cluster I), Sphingobium (cluster II), Novosphingobium (cluster III) and Sphingopyxis (cluster IV), based on the 16S rRNA gene sequences and polyamine patterns [2] . However, Yabuuchi et al. [3] showed that none of the physiological and biochemical characteristics supported the division of the genus Sphingomonas, including cellular lipids and fatty acids. Considering the presence of sym-homospermidine as a distinguishing characteristic reflecting the phylogenetic position of the genus Sphingomonas sensu stricto within Sphingomonadaceae and differences in 16S rRNA genes, Busse et al. [4] strongly supported the division and proposed to retain the name Sphingomonas only for members of cluster I and this view was gradually accepted by most colleagues. Therefore, sym-homospermidine as the major polyamine of the genus Sphingomonas was considered as a typical characteristic to differentiate Sphingomonas from closely related genera within Sphingomonadaceae. However, several genera containing sym-homospermidine as the major polyamine were subsequently reported, including Sphingosinicella, Sphingoaurantiacus, Rhizorhabdus, Polymorphobacter and Sandarakinorhabdus [5] and the results showed that sym-homospermidine might not be a specific representative characteristic of the genus Sphingomonas within Sphingomonadaceae. Members of the genus Sphingomonas were characterized as Gram-stain-negative, hydrolysing aesculin, containing 2-hydroxymyristic acid and having sphingoglycolipid as the characteristic polar lipid and ubiquinone 10 as the main respiratory quinone. At the time of writing, more than 85 species have been described in the genus Sphingomonas. Due to their ability to utilize a wide range of carbon sources and survive under low concentrations of nutrients, they have been widely isolated from many different land and water habitats, as well as from air [6] , plants [7] [8] [9] , spring water [10] , lead-zinc ore [11] [12] [13] and other sources. During an investigation of culturable bacteria in an abandoned lead-zinc mine, we obtained a novel member of the genus Sphingomonas, designated strain 9NM-10 T , which contained spermidine as the major polyamine but not sym-homospermidine. In this paper, the novel bacterium was subjected to a polyphasic characterization and the results showed that spermidine but not sym-homospermidine is the major polyamine in some species of Sphingomonas and the description of the genus Sphingomonas should thus be emended.
Strain 9NM-10
T was isolated from a lead-zinc ore sample collected from an abandoned lead-zinc mine in Meizhou, Guangdong province, China (24 21¢ 44 † N 116 16¢ 34 † E) by using R2A agar (Hope). Bacterial isolation was performed on R2A agar as described by Feng et al. [14] . The genomic DNA of strain 9NM-10 T was extracted by using a commercial genomic DNA isolation kit (Magen). The 16S rRNA gene was amplified by PCR with the bacterial primers 27F and 1492R [15] and the PCR product was cloned and sequenced by Invitrogen. Similarity searches of the 16S rRNA gene sequence were performed via the EzTaxon-e server [16] . Phylogenetic analyses based on 16S rRNA gene sequences were conducted using the software MEGA 5.0 [17] by the neighbour-joining [18] , minimum-evolution [19] and maximum-likelihood [20] methods with bootstrap values based on 1000 replications. Evolutionary distances were calculated using the Kimura two-parameter model [21] . For DNA-DNA hybridization experiments, the genomic DNA of strain 9NM-10 T and closely related type strains was extracted and purified as described by Moore and Dowhan [22] . DNA-DNA hybridization was conducted in triplicate by using a Lambda 35 UV/VIS spectrometer (PerkinElmer) as described by De Ley et al. [23] .
The 16S rRNA gene sequence of strain 9NM-10 T was 1434 bp in length and it shared highest similarities with those of Sphingomonas yantingensis JCM 19201 T (99.1 %) and Sphingomonas japonica JCM 15438 T (97.6 %). Phylogenetic analysis based on the neighbour-joining method showed that strain 9NM-10 T fell within the genus Sphingomonas and formed a stable cluster with Sphingomonas yantingensis JCM 19201
T and Sphingomonas japonica JCM 15438 T (Fig. 1) . The same findings were also confirmed by the minimum-evolution and maximum-likelihood phylogenetic trees (Figs S1 and S2, available in the online Supplementary Material). DNA-DNA relatedness values between strain 9NM-10 T and Sphingomonas yantingensis JCM 19201 T and Sphingomonas japonica JCM 15438 T were 43.6 ±1.3 and 35.4±0.9 %, respectively. These values were below the threshold value of 70 % for the definition of a novel species recommended by Wayne et al. [24] , suggesting that strain 9NM-10 T might represent a novel species of the genus Sphingomonas.
Growth tests were performed on R2A agar (Hope), PYE agar [25] , tryptic soy agar (TSA; Huankai), nutrient agar (NA; Huankai), marine agar (Difco) and MacConkey agar (Huankai) at 30 C for 7 days. The Gram reaction of strain 9NM-10 T was tested by the KOH lysis method [26] after 3 days on R2A agar. Motility was tested in semi-solid R2A medium (Hope) supplemented with 0.3 % agar [27] . Cell morphology was observed by using a transmission electron microscope (Hitachi H7650) with cells grown on R2A agar at 30 C for 3 days. Anaerobic growth was tested in the MGC AnaeroPouch-Anaero (Mitsubishi) for 7 days at 30 C on R2A agar. Growth at different temperatures (4, 10, 15, 20, 25, 30, 37, 40, 42 and 45 C) was observed after 7 days on R2A agar slants. Tolerance to different pH (4-10, at intervals of 1 pH unit) was tested in buffered R2A broth as described by Feng et al. [28] . Growth at different NaCl concentrations (0, 0.5, 1, 2, 3, 4 and 5 %, w/v) was tested in R2A broth at 30 C for 7 days. Oxidase, arginine dihydrolase, b-galactosidase, nitrate reduction, indole production, urease, hydrolysis of gelatin and aesculin, glucose fermentation and substrate utilization were tested in triplicate by using the API 20NE (bioM erieux) and GEN III MicroPlates (Biolog) according to the manufacturers' instructions. Catalase, starch hydrolysis, Tween 40 and Tween 80, methyl red and Voges-Proskauer tests and H 2 S production were determined as described by Tindall et al. [29] .
Strain 9NM-10
T was able to grow on R2A agar, PYE agar, TSA, NA and marine agar, but not on MacConkey agar. Cells of strain 9NM-10 T were Gram-stain-negative, nonspore-forming, aerobic, motile with a polar monotrichous flagellum and rod-shaped (0.6-0.9Â1.2-1.6 µm) (Fig. S3 ). Colonies on R2A agar were yellow-pigmented, smooth, semi-transparent, convex with entire edges and 1-2 mm in diameter after 3 days of growth at 30 C. Strain 9NM-10 T was able to grow at 10-40 C and pH 6-8 in the presence of 0-3 % (w/v) NaCl. The optimum growth of strain 9NM-10 T was at pH 7.0 and 30 C on R2A agar without NaCl. The oxidase reaction was very weak. Other characteristics are detailed in the species description. As shown in Table 1 , strain 9NM-10 T could be clearly differentiated from closely related type strains based on colony morphology, oxidase reaction, gelatin liquefaction, b-galactosidase, H 2 S production, growth temperature range and substrate utilization.
For chemotaxonomic analyses, cells were all cultured in marine broth (Difco) unless mentioned otherwise, with strain 9NM-10 T and closely related type strains grown for 3 days at 30 C. The DNA G+C content was determined in triplicate by using HPLC as described by Mesbah et al. [30] . The cellular fatty acids were extracted and determined by using GC (Agilent 7890A) according to the protocol of the Sherlock Microbial Identification System [31] , with strain 9NM-10 T and closely related type strains grown on R2A agar for 3 days at 30 C under the same conditions. Respiratory quinones were extracted and analysed by using HPLC (UltiMate 3000; Dionex) according to the methods described by Collins et al. [32] and Hiraishi et al. [33] . Polar lipids were extracted and determined as described by Tindall et al. [29] . Polyamines were extracted and dansylated as described by Busse and Auling [34] and Scherer and Kneifel [35] . The dansylated polyamines were separated and analysed with an Agilent ZOR-BAX Eclipse XDB-C18 HPLC column (250Â4.6 mm, 5 µm) on an Agilent 1260 Infinity HPLC device by using a linear gradient of water/acetonitrile from 40 : 60 (v/v) to 0 : 100 (v/v) over 20 min followed by the final eluent for a further 5 min. The flow rate was 1 ml min À1 and the column temperature was held at 40 C. The dansylated polyamines were detected by using a UV detector at a wavelength of 254 nm. As Sphingomonas pruni DSM 10566
T was reported to contain sym-homospermidine as the major polyamine [36] , it was taken as a positive control for sym-homospermidine detection.
The DNA G+C content of strain 9NM-10 T was determined to be 68.7±0.2 mol%, which was similar to those of Sphingomonas yantingensis JCM 19201 T (67.0±0.7 mol%) and Sphingomonas japonica JCM 15438 T (66.7±0.1 mol%) ( Table 1 ) and fell within the range reported for other members of the genus Sphingomonas [37] . As shown in Table 2 , the predominant fatty acids of strain 9NM-10 T (>5 % of the total) were C 18 : 1 !7c (58.7 %), C 16 : 0 (14.0 %), C 17 : 1 !6c (7.9 %) and summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c) (5.4 %), which were in accordance with typical characteristics of the genus Sphingomonas, but quite different from those of closely related type strains in terms of proportions. The respiratory quinones of strain 9NM-10 T consisted dominantly of ubiquinone Q-10 (76.6 %), with small amounts of Q-9 (20.7 %) and Q-8 (9.2 %). This was in line with other members of the genus Sphingomonas (Q-10 as the dominant respiratory quinone).
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Sphingopyxis taejonensis JSS-54 T (AF131297) Polar lipids of strain 9NM-10 T were sphingoglycolipid, phosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine, diphosphatidylglycerol, an unidentified phospholipid and three unidentified lipids, which were quite similar to those of Sphingomonas yantingensis JCM 19201 T and Sphingomonas japonica JCM 15438 T (Fig. S4 ). Both strain 9NM-10 T and its closely related type strains contained sphingoglycolipid, phosphatidylcholine, phosphatidylglycerol and phosphatidylethanolamine as the major polar lipids. Major differences occurred in the contents of diphosphatidylglycerol and the position of the unidentified phospholipid (Fig. S4) . The major polyamine of strain 9NM-10 T was spermidine [30.3 mol (g dry weight)
À1
] and no sym-homospermidine was detected. Interestingly, the two closely related type strains also contained spermidine as the major polyamine and the contents were 34.8 mol (g dry weight)
À1 ( (Fig. S5) . Clearly, these results were not in accordance with the characteristic feature of Sphingomonas, as most members contained sym-homospermidine as the major polyamine [2, 38] . In fact, spermidine as the major polyamine had been found in T and Sphingomonas lacus PB304
T [39] [40] [41] , but the results did not attract particular attention. In this study, the same results were found for strain 9NM-10 T and its closely related type strains. These results will complicate differentiation of the genus Sphingomonas from closely related genera as they rarely showed significantly different typical characteristics except regarding 16S rRNA gene sequences. Although these type strains shared spermidine as the major polyamine, their phylogenetic positions in the genus Sphingomonas were very stable and they could not be split to represent a novel taxon. Therefore, we strongly suggest that spermidine should be accepted as another major polyamine in the genus Sphingomonas. In addition, sym-homospermidine as the major polyamine in Sphingomonas yantingensis JCM 19201 T was reported in the species description [42] , but we achieved a different result. Only spermidine was detected as the major polyamine but not sym-homospermidine.
On the basis of phenotypic, phylogenetic and chemotaxonomic analyses, strain 9NM-10 T should be classified as representing a novel species in the genus Sphingomonas, for which the name Sphingomonas spermidinifaciens sp. nov. is proposed. Sphingomonas japonica JCM 15438 T . All the data were obtained from this study unless mentioned otherwise. All the strains were motile and positive for catalase and hydrolysis of aesculin and Tween 80, but negative for nitrate reduction, indole production, glucose fermentation, arginine dihydrolase, urease and hydrolysis of starch. Y, yellow; O, orange; YO, yellow-orange; +, positive; À, negative; W, weakly positive. The description is as given by Chen et al. [37] , with the following amendment. The major polyamine is sym-homospermidine or spermidine.
EMENDED DESCRIPTION OF SPHINGOMONAS YANTINGENSIS HUANG ET AL. 2014
The description is as given by Huang et al. [42] with the following amendments. Negative for urease and the major polyamine is spermidine.
EMENDED DESCRIPTION OF SPHINGOMONAS JAPONICA ROMANENKO ET AL. 2009
The description is as given by Romanenko et al. [43] with the following amendments. The major polyamine is spermidine and the genomic DNA G+C content is 66.7±0.1 mol%. 
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